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1

PROCESS AND APPARATUS FOR
PRODUCING 3D MOLDINGS COMPRISING
A SPECTRUM CONVERTER

The invention relates to a method and a device for
producing three-dimensional models by means of a layer
construction technique.

European Patent EP 0 431 924 B1 describes a process for
producing three-dimensional objects based on computer
data. In the process, a thin layer of particulate material 1s
deposited on a platform and has a binder material selectively
printed thereon by means of a print head. The particulate
region with the binder printed thereon bonds and solidifies
under the influence of the binder and, optionally, an addi-
tional hardener. Next, the platform 1s lowered by one layer
thickness 1nto a construction cylinder and provided with a
new layer of particulate material, the latter also being printed
on as described above. These steps are repeated until a
certain desired height of the object 1s achieved. Thus, the
printed and solidified regions form a three-dimensional
object.

Upon completion, the object made of solidified particulate
material 1s embedded in loose particulate material, from
which 1t 1s subsequently freed. For this purpose, a suction
device may be used, for example. This leaves the desired
objects which then have to be freed from any residual
powder, ¢.g. by brushing it off.

Other powder-based rapid prototyping processes (also
referred to as layered construction of models or layer con-
struction techniques), e.g. selective laser sintering or elec-
tron beam sintering, work 1n a similar manner, also applying
loose particulate material layer by layer and selectively
solidifying 1t with the help of a controlled physical source of
radiation.

In the following, all these processes will be understood to
be covered by the term “three-dimensional printing meth-
ods” or “3D printing methods™.

3D printing on the basis of pulverulent materials and
introduction of liquid binders 1s the quickest method among
the layer construction techniques.

This method allows various particulate maternials, includ-
ing polymeric materials, to be processed. However, it has the
disadvantage that the particulate material bed cannot exceed
a certain bulk density, which i1s usually 60% of the particle
density. The strength of the desired parts significantly
depends on the achieved density, however. Insofar 1t would
be required here for high strength of the parts to add 40% or
more by volume of the particulate material 1n the form of
liquid binder. This 1s not only a relatively time-consuming
process due to the single-droplet mput, but it also causes
many process-related problems, which are given, for
example, by the mevitable shrinkage of the liqud volume
during solidification.

In another embodiment, which 1s known 1n the art as
“high-speed sintering”, solidification of the particulate mate-
rial 1s eflected by iput of infrared radiation. The particulate
material 1s thus bonded physically by a fusing process. In
this case, advantage 1s taken of the comparatively poor
absorption of thermal radiation in colorless plastic materials.
Said absorption can be increased multiple times by 1intro-
ducing an IR acceptor (absorber) into the plastic material.
The IR radiation can be introduced by various means, €.g. a
bar-shaped IR lamp, which 1s moved evenly over the con-
struction field. Selectivity 1s achieved by the specific print-
ing of the respective layer with an IR acceptor.

In the printed locations, the IR radiation thereby couples
much better into the particulate material than in the
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unprinted regions. This results 1n selective heating within the
layer beyond the melting point and, consequently, to selec-
tive solidification. This process 1s described, for instance, in
EP1740367B1 and EP1648686B1 and will be abbreviated
below as HSS.

Various materials are known from the laser sintering
process which can be processed with this method as well. By
far the most important material in this context 1s polyamaide
12. There are several manufacturers for this material. The
strengths achieved are excellent for layer construction meth-
ods.

The matenial 1s available as a fine powder which can be
processed directly 1n this quality. Due to the manufacturing
process, however, costs are high and may exceed the cost of
standard polyamide by a factor of 20-30.

In the high-speed sintering process according to the prior
art, just as 1n laser sintering, the powder 1s brought to a
temperature near the melting pomnt of the material for
processing. This causes the powder to “age” and limits its
use 1n subsequent processes. A low recycling rate results,
which has a negative eflect on process costs.

The precision of the parts 1s significantly influenced by
process control. Thus, the homogeneity of parameters such
as powder bed density and temperature 1n the construction
space 1s decisive.

The known high-speed sintering methods have a multi-
tude of disadvantages concerning, on the one hand, the
recycling rate and, on the other hand, process costs, conse-
quently increasing the cost per piece and making it rather
expensive. In particular, the aging of the powder 1s a crucial
problem, and the resulting low recycling rate 1s a great
hindrance for this process to become more widespread.
Currently, approx. 50% of the unprinted powder has to be
replaced after a process. At powder prices of approx. €80/kg
and with construction volumes of several hundred liters, this
requires high financial investments.

One approach to solving the process-related problems,
thereby reducing costs, 1s the use of less expensive powders.
However, this approach has narrow limits, because most
powders do not have a suflicient “sintering window™ to be
sately processed. This means that stable process parameters
are hard to find for these powders.

Another approach 1s to chemically limit powder aging. In
this case, machines flushed with nitrogen are common in
laser sintering, for example. This can prevent powder oxi-
dation. However, for process-related reasons alone, aging
cannot be curbed entirely, because part of the solidification
reaction occurs by a secondary reaction of the polymer.
Curbing this secondary reaction would mean essential limi-
tations 1n strength.

One problem with known high-speed sintering methods 1s
the adjustment of advantageous process conditions, such as,
for example, the temperature windows with respect to the
particulate materials used. The high-speed sintering method
combines a great number of process parameters and the 3D
printing machines used therein have a great number of
constructive features and components, which makes 1t dii-
ficult to combine suitable components and adjust an advan-
tageous or improved process sequence allowing improved
process conditions. In many cases, it 15 impossible to deter-
mine what constructive changes are required in order to
achieve acceptable process results and obtain high-quality
3D parts and/or optimise the process.

Another problem 1n adjusting the process conditions 1s to
combine the process conditions such that, on the one hand,
a sufliciently strong component 1s manufactured with
desired and advantageous properties, while at the same time
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subjecting the particulate material that 1s not to solidify to
process conditions enabling easy unpacking. One problem in
this regard 1s that the surrounding material solidifies too
much 1n the process and 1s therefore diflicult to remove from
the component requires increased eflort to do so.

A turther problem 1s the radiation characteristic of con-
ventional IR radiators that can be installed for a high-speed
sintering process 3D printing process.

The radiation characteristic of conventional IR radiators
which operate thermally consists of a broad continuous
spectrum of different wavelengths, whose distribution
largely corresponds to Planck’s radiation law. In order to
achieve a sufliciently high power density and a long service
life, short-wave quartz tube inirared radiators are generally
used with a heating coil temperature of 2,400K and, thus, a
peak wavelength of approx. 1.2 um.

Although 1t 1s possible to carry out the sintering process
with these radiators, the long-wave components included in
the radiation spectrum lead to the unprinted powder heating,
up 1n an uncontrolled manner i the sense of the process,
whereby this powder 1s also sintered to a certain degree. This
1s disadvantageous and undesirable as it reduces the quality
of the printing process and the products manufactured and
makes the particulate material that 1s not to be sintered less
reusable.

The aim of selectively mfluencing both types of areas, 1.¢.
the area not to solidify and the area to be sintered for the
production of a 3D molded part or the printed and unprinted
areas, respectively, can be achieved only to a limited degree.

Consequently, a compromise must be made between poor
mechanical properties of the molded article as a result of
isuilicient energy input during the sintering process on the
one hand and strong adhesion to the parts influencing their
geometry as a result of excessive energy input on the other
hand. In addition, the powder 1n narrow spaces between the
molded articles can then no longer be removed.

The maximum achievable powder recycling rate drops
drastically with high energy input, so that high costs arise
due to the necessary addition of fresh powder.

This eflect 1s aggravated by the fact that the high heating
coil temperature of conventional short-wave IR radiators
causes the quartz glass tube surrounding it to heat up. As a
result, the latter reaches temperatures of up to 900K, itself
becoming an emitter of long- to medium-wave IR radiation
and thus a so-called “secondary radiator”.

A solution to the problem of long-wave IR radiation using
monochromatic emitters such as LEDs 1s very costly and
complex due to the high power density required, hence not
teasible 1n practice.

The use of special thermal near infrared radiators with a
higher coil temperature or smaller peak wavelength and thus
lower long-wave radiation components also makes high
technical demands, such as suflicient cooling of the radiator
tubes, especially at the coil feedthroughs. Furthermore, both
solutions are currently not established on the market and are
therefore diflicult to obtain. The service life of near-infrared
radiators 1s also greatly reduced compared to short-wave
radiators due to the high wire temperature. The resulting
additional costs are added to the high acquisition costs of the
radiator units. This represents a further disadvantage of
known devices for a high-speed sintering process.

The use of radiators with a tungsten-halogen cycle 1s not
expedient due to the frequent switching on and off of the unit
and the resulting short service life.

The printing of a kind of reflector liquid on the areas that
are not to be sintered 1s possible according to the prior art,
but cannot be implemented cost-effectively. Due to the low
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packing density of additive manufacturing processes of
generally no more than 20%, this also means a high con-

sumption of reflector liquid for wetting the remaining sur-
tace, which 1s reflected 1n high operating costs. In addition,
twice the number of print heads 1s required.

Due to the radiation characteristic of the sintering lamp,
inhomogeneities 1n the temperature distribution occur on the
powder bed. These are due to the fact that the sintering lamp
1s not an 1deal infinitely long radiator. This means that the
energy mput during the sintering pass i1s generally lower at
the edges of the construction field than 1n the middle. This
leads to lower interlaminar bonding of the molded article
near the edges of the construction field. Although the effect
can almost be eliminated by increasing the size of the
sintering lamp, this contradicts the requirement for a com-
pact design of the machine, which 1s advantageous for
temperature control.

The process temperature 1s controlled according to the
prior art by heating radiators above the construction field.
These are preferably designed as long-wave to medium-
wave 1nfrared radiators, as they heat the particle material
most eflectively and have no selectivity with regard to the
printed powder surface. Since the long-wave infrared radia-
tion required as a result 1s associated with a low temperature,
radiators of these wavelengths and performance data are
designed 1n accordance with the prior art as thermal ematters.
In this case, a well-emitting surface 1s usually heated via
heat conduction by means of a resistance heater or a wire.

Due to the heat conduction of these emitting materials 1n
the time range of a few minutes, they react only very slowly
to a change in the control value.

Hence, the prior art, on the whole, does not allow com-
pletely separate control of the two temperatures relevant to
the process. This means that stable process control and the
associated constant mechanical properties of the 3D molded
articles produced are virtually impossible during the entire
construction process.

The lack of control of the entire process makes it difficult
to process other non-PA12-based particulate materials such
as material systems based on TPU (a urethane-based ther-
moplastic elastomer). The poor controllability of the tem-
perature control currently results 1n a very limited develop-
ment of new materials for known high-speed sintering
processes (high-speed sintering 3D printing processes) and
devices.

It was therefore an object of the present invention to
reduce or altogether avoid the disadvantages of the prior art.

Another object of the present invention was to provide a
device and/or a method to better control the two different
temperatures or temperature windows or temperature
ranges, 1.¢. the warm-up temperature range or basic tem-
perature range or warm-up temperature or basic temperature
on the one hand and the sintering temperature window or
sintering temperature range or sintering temperature on the
other hand.

Another object of the invention 1s to provide a method and
a device allowing the heating of the “printed and unprinted”

types ol areas to be performed 1n a specific and low-cost
manner.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1: Heating systems of an exemplary embodiment

FIG. 2: Exemplary embodiment of a sintering lamp with
a lilter element a) in front, several filter elements b), with
cooling ¢) or with diffuser d)

FIG. 3: Sequence of a process according to the invention
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FIG. 4: a) Schematic energy input and output curves of a
powder such as polyamide 12; b) temperature curves show-

ing liquidus and solidus temperatures of the unprinted area
type; ¢) temperature curves showing liquidus and solidus
temperatures of the printed area type;

FIG. 5: Embodiment of the sintering lamp with two
different radiator designs.

FIG. 6: Overhead radiator embodied by combining a
short-wave infrared radiator and a spectrum converter in the
beam path

FIG. 7. Radiation spectra, a) overlapping of long-wave
and short-wave radiation with absorption range of powder
(II) and absorber (1) in the case of a sintering unit embodied
without filter, b) with filter; the shaded area represents the
radiation energy absorbed by the absorber.

DETAILED DESCRIPTION OF TH.
INVENTION

(L]

Several terms according to the invention will be explained
in more detail below.

A “molded article” or “part” 1n the sense of the invention
means three-dimensional objects manufactured by means of
the method according to the invention or/and the device
according to the mvention and exhibiting dimensional sta-
bility.

“Construction space” 1s the geometric location where the
particulate material bed grows during the construction pro-
cess by repeated coating with particulate material or through
which the bed passes when applying continuous principles.
The construction space 1s generally bounded by a bottom,
1.e. the construction platform, by walls and an open top
surface, 1.e. the construction plane. In continuous principles,
there usually 1s a conveyor belt and limiting side walls.

The “heating phase” refers to heating of the device at the
beginning of the process. The heating phase 1s complete as
soon as the required temperature of the device becomes
stationary.

The “cooling phase” lasts at least until the temperature 1s
so low that the parts are not subject to any significant plastic
deformation when removing them from the construction
space.

The “particulate materials” of use herein may be any
materials known for powder-based 3D printing, in particular
polymers, ceramics and metals. The particulate material 1s
preferably a free-tflowing powder when dry, but may also be
a cohesive, cut-resistant powder or a particle-charged liquid.
In this specification, particulate material and powder will be
used synonymously.

The “particulate material application™ 1s the process of
generating a defined layer of powder. This may be done
either on the construction platform or on an inclined plane
relative to a conveyor belt 1n continuous principles. The
particulate material application 1s also referred to herein as
“coating” or “recoating’.

“Selective liquid application™ in the sense of the invention
may be eflected after each particulate material application or
irregularly, depending on the requirements for the molded
article and for optimization of the molded article production,
¢.g. several times with respect to particulate material appli-
cation. In this case, a sectional 1image of the desired article
1s printed.

The “device” used for carrying out the method according
to the mmvention may be any known 3D-printing device
which includes the required parts. Common components
include coater, construction field, means for moving the
construction field or other components 1n continuous pro-

10

15

20

25

30

35

40

45

50

55

60

65

6

cesses, metering devices and heating and irradiating means
and other components which are known to the person skilled
in the art and will therefore not be described in detail herein.

The “absorber” 1n the sense of this invention 1s a medium
which can be processed by an inkjet print head or any other
device working 1n a matrix-like manner, which medium
enhances the absorption of radiation for local heating of the
powder.

“Reflector liquid™ 1s the term used for the antagonist of the
absorber which, according to the prior art, 1s used to prevent
particle materials from sintering.

“Absorption” refers to the uptake by the powder of
thermal energy from radiation. The absorption depends on
the type of powder and the wavelength of the radiation.

The “support” refers to the medium in which the actual
absorber 1s present. This may be an o1l, a solvent or generally
a liqud.

“Radiation” in the sense of the mvention 1s e.g. thermal
radiation, IR radiation, microwave radiation and/or radiation
in the visible or UV range. In one embodiment, heat radia-
tion 1s used, e.g. generated by an IR radiator.

“Radiation-induced heating” as used herein means 1irra-
diation of the construction field by stationary or mobile
sources of radiation. The absorber must be optimized for the
type of radiation. This 1s intended to produce differences in
heating between “‘activated” and “non-activated” powder.

“IR heating” as used herein specifically means 1rradiation
of the construction field by an IR radiator. The radiator may
be either static or movable over the construction field by a
displacement unit. Using the absorber, the IR heating results
in different temperature increases 1n the construction field.

“Radiation heating” generalizes the term “IR heating”.
The absorption of radiation of any wavelength may heat a
solid or a liquid.

Area type 1s an expression used to diflerentiate between
unprinted and printed areas.

An “IR radiator” 1s a source of infrared radiation. Usually,
incandescent filaments 1n quartz or ceramic housings are
used to generate the radiation. Depending on the materials
used, different wavelengths result for the radiation. In addi-
tion, the wavelength of this type of radiator also depends on
its power.

A “source of radiation” generally emits radiation of a
specific wavelength or a specific wavelength range. A source
ol radiation with almost monochromatic radiation 1s referred
to as a “monochromatic radiator”. A source of radiation 1s
also referred to as an “emitter”.

An “overhead radiator” 1n the sense of the invention 1s a
source of radiation mounted above the construction field. It
1s stationary, but has an adjustable radiant power. It essen-
tially ensures non-selective surface heating.

The “sintering radiator” 1s a source of radiation which
heats the printed process powder to above its sintering
temperature. It may be stationary. In preferred embodiments,
however, 1t 1s moved over the construction field. In the sense
of this invention, the sintering radiator 1s embodied as a
monochromatic radiator.

“Secondary radiator” means a radiator which, by passive
heating, becomes itself an active emitter of radiation.

“Sintering” 1s the term for the partial coalescence of the
particles in the powder. In this system, the build-up of
strength 1s connected with the sintering.

The term “sintering window” refers to the difference in
temperature between the melting point occurring when first
heating the powder and the solidification point during the
subsequent cooling.

e
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The “sintering temperature” 1s the temperature at which
the powder first begins to fuse and bond.

Below the “recrystallization temperature”, powder once
melted solidifies again and shrinks considerably.

The “packing density” describes the filling of the geo-
metric space by solid matter. It depends on the nature of the
particulate material and the application device and i1s an
important nitial parameter for the sintering process.

The term “‘shrinkage” refers to the process of geometric
shortening of a dimension of a geometric body as a result of
a physical process. As an example, the sintering of subop-
timally packed powders 1s a process resulting 1n shrinkage
with respect to the initial volume. Shrinkage can have a
direction assigned to 1it.

“Deformation” occurs if the body 1s subject to uneven
shrinkage 1n a physical process. Such deformation may be
either reversible or irreversible. Deformation 1s often related
to the global geometry of the component.

“Curling” as used 1n this specification refers to an effect
resulting from the layer-wise approach of the described
invention. This means that layers generated in quick suc-
cession are subject to different degrees of shrinkage. Due to
physical eflects, the compound then deforms in a direction
which does not coincide with the direction of shrinkage.

The “grayscale value” refers to the amount of activator
printed 1nto the powder. According to the invention, different
grayscale values can be printed onto the construction field 1n
order to achieve diflerent degrees of heating.

A “spectrum converter” in the sense of the invention 1s a
means which absorbs radiation, e.g. electromagnetic heat
radiation, and radiates or emits one or more defined wave-
length ranges; in this case the spectrum converter is 1rradi-
ated by an emuitter of electromagnetic heat radiation (short-
wave or long-wave radiation), 1.e. by a lamp or a radiator,
¢.g. an overhead radiator or a sintering unit, and then emaits
a defined electromagnetic thermal radiation.

“Filter” or “filtering” 1n the sense of the mvention means
a blanking of parts of an electromagnetic radiation spectrum,
where the desired electromagnetic radiation spectrum hits a
target surface, e.g. a construction field surface.

“Temperature window” or “temperature range” in the
sense of the mvention means a defined temperature range
below or within the sintering range of the particulate mate-
rial used.

A “radiated spectrum of one or more wavelength ranges”
in the sense of the invention corresponds to the radiated
spectrum of the spectrum converter.

A “diffuser” in the sense of the invention 1s a means for
scattering incident electromagnetic radiation, e.g. homoge-
neously or/and uniformly or/and independently of direction.

“Basic temperature” 1n the sense of the invention means
the temperature to which the particulate material 1s heated
and which 1s lower than the melting temperature and/or the
sintering temperature.

The 1invention will be described 1n more detail below,
where each of the aspects and characteristics of the inven-
tion can be combined with each other, even if this 1s not
explicitly stated for each characteristic.

The object on which the application 1s based 1s achieved
in accordance with the invention by a method of producing
3D molded parts, wherein particulate construction material
1s applied onto a construction field 1n a defined layer by
means of a coater, one or more liquids or particulate material
ol one or more absorbers are selectively applied, an energy
iput 1s effected by means of radiators, the regions with
selectively applied absorber selectively soliditying, the con-
struction field being lowered by a layer thickness or the
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coater being raised by a layer thickness, and these steps
being repeated until the desired 3D molded part 1s produced,
characterized 1n that the method uses at least one spectrum
converter.

The mvention thus provides a method in which 1t 1s
advantageous to be able to adjust the temperature windows
of the recurring process steps more precisely. This in turn
results 1n further significant improvements in procedure,
product quality, the recycling rate of materials, ecological
advantages and cost benefits.

In addition, the procedure 1s more gentle on the machines
used and the components present in them. The heat devel-
opment 1s also partly lower and 1n any case more precisely
controllable. This also makes the method more energy-
eilicient.

In the method according to the invention, a spectrum
converter can be used that 1s at least one filter which filters
short-wave or long-wave radiation.

Further, 1n the method according to the invention, the
filtered radiation range can be selected 1n such a way that 1t
1s compatible with the spectrum of the particulate material
used. In this case, the filter 1s selected 1n such a way that the
spectrum radiated onto the particle material preferably has a
wavelength of 8-3.5 micrometers. The filter or filters can be
selected 1 such a way here that the wavelengths of the
radiation are optimized for the heating phase and/or the
sintering phase and thus improved temperature windows are
achieved at the material layer 1tself on the construction field.

Any material that 1s compatible with the process param-
cters can be used and applied in the method according to the
invention. For example, a polyamide powder, a polyamide-
based thermoplastic elastomer or a urethane-based thermo-
plastic elastomer can be used as the powder material. The
filters and temperature windows can then be adapted accord-
ingly in order to achieve an advantageous procedure and
advantages for the product parameters and recycling rate,
among other things.

For example, the method according to the invention 1s
characterized 1n that the applied powder layer 1s heated 1n a
first heating step to a basic temperature of the powder
without the absorber, which 1s within the sintering window
of the powder material, and a second sintering step leads to
selective solidification, by heat input, of the areas printed
with absorber, at a sintering temperature above the melting
temperature of the powder, wherein the areas with the
selectively applied absorber heat up more 1n the first step
than the areas without absorber, and thus a temperature
difference 1s set between areas with and without absorber.

Furthermore, the object 1s achieved according to the
invention by a device suitable for producing 3D molded
parts, comprising all the components necessary for a pow-
der-based printing process, characterized in that 1t comprises
at least one spectrum converter which preferably has cooling
slots, cooling recesses, cooling grooves or/and cooling
bores.

A device according to the invention achieves 1n an advan-
tageous way that disadvantages of known devices and
processes are reduced or can essentially be avoided.

With the device according to the mvention 1t 1s possible
to move the temperature windows 1nto more defined areas
and thus achieve more optimal temperature ranges with
regard to the materials used. This oflers further advantages
in terms of the quality of intermediates and products. Fur-
thermore, the recycling rate of the powder maternial can thus
be increased, allowing to achieve 1.a. a reduction 1n costs and
thereby lower production costs.
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A device according to the mnvention i1s characterized 1in
that the spectrum converter 1s at least one filter that defines
a seclected wavelength range and filters that wavelength
range.

Furthermore, all spectrum converters or filters suitable for
the desired process conditions can be used, e.g. the filter 1s
a borosilicate disk.

In one aspect of the invention, i1t 1s important that the
selected wavelength range 1s selected from long-wave or
short-wave inirared radiation, preferably in the wavelength
range of 8 um-3.5 um or 3.5 um-0.5 um.

In the device according to the invention, the spectrum
converters can be arranged 1n any suitable way. It may be
advantageous, where at least two spectrum converters are
essentially arranged one above the other, to preferably have
a cavity between the at least two spectrum converters.

A device according to the invention has all parts necessary
and known for a high-speed sintering process, which there-
fore need not be described 1n detail here. Parts suitable for
the method according to the invention are components
selected from the construction platiorm, side walls, job box,
recoater, print head, ceramic sheet, energy input means,
preferably at least one radiator, preferably an overhead
radiator or/and a sintering radiator unit.

As explained above, an essential aspect of the present
invention 1s to control the wavelength ranges or the tem-
perature windows of the process and to carry out the printing
process 1n defined areas.

It 1s therefore advantageous that the overhead radiator
radiates a wavelength range of 8-3.5 um or/and the sintering
radiator unit, preferably including filter(s), radiates a wave-
length range of 3.5-0.5 um, which 1s radiated onto the
particle material and/or the construction surface.

Furthermore, it may be advantageous 11 the device accord-
ing to the invention 1s characterized in that 1t further com-
prises one or more components selected from the group
comprising a fluid-cooled radiator, a fan, an insulation of the
construction container, an insulation of the construction
platform, a resistance heater, a heating coil, a resistance
heater of the coater, a pyrometer, a difluser and an nirared
radiator.

Further aspects of the invention will be set forth below.

In general, the object 1s achieved by using radiation
sources as sintering radiators which correspond to conven-
tional, low-cost IR or drying radiators, but whose part of the
long-wave IR spectrum 1s kept away Ifrom the powder
surface by means of a filter inserted 1n the beam path. These
filters can be special glasses with suitable absorption char-
acteristics. It 1s also possible to filter by means of non-solid
substances such as a liquid or gas layer.

The absorbed radiant energy not transmitted can be
cooled away without great efli

ort, since an air flow onto the
powder surface 1s prevented, which would cool 1t down and
interrupt the sintering process. The larger area compared to
the tube of a near infrared radiator favors the effectiveness
of air cooling, which can therefore be carried out very
simply, technology-wise, and cost-eflectively. For smaller
designs, 1t 1s suflicient to make use of the convective air
movements so that these can do entirely without an electri-
cally operated unit, such as a motor fan.

It 15 also possible to use two or more filters positioned one
behind the other. This further increases the eflective cooling,
surface. An equally achievable improvement in the filter
characteristic enables an economical design.

Filters based on a non-solid material can equally corre-
spond to filter and cooling media.
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The removal of long-wave infrared radiation has many
other advantages. For instance, it increases the selection of
materials which are transparent for said radiation. This
includes commercially available materials which can be
used as diffusers so as to maximize the uniformity of
radiation. This makes 1t possible to reduce the size of the
sintering lamp and thus of the process chamber, which
benefits a simpler temperature control of the process.

[1lumination with higher radiation intensity 1s thus acces-
sible, which increases the bond of the individual surfaces
partially melted 1n the layer build-up process. This improves
the strength of the molds to be produced. Using the
described sources of radiation allows to reduce not only the
distance between the radiator and the respective area, but
also the size of the radiator, so that more compact machine
geometries are feasible and the energy efliciency can be
considerably increased.

Since the usable radiator output 1s decoupled from the
emission of long-wave radiation, the power output of the
device can be increased without any problem. The process
itsell remains virtually unaflected. This makes 1t possible to
increase the process speed.

Conversely, a decoupling of wavelength and radiator
temperature can be used for the overhead unaits.

By means of short-wave radiators, a body itroduced nto
the beam path can be heated 1n a planar manner so that the
latter 1tself 1s stimulated to emit radiation in the long-wave
range.

If the planar body 1s sufliciently thin and the absolute heat
capacity 1s thus kept low, abrupt changes in the energy
content of the powder cake, e.g. when printing large-area
molded articles, can be reacted to at a suth

icient speed to
produce the three-dimensional molded article 1 an eco-
nomically sensible time span of a few hours, since there 1s
no need to pause per printed layer to give the radiators time
to adjust the temperature of the powder surface by adjusting
the power output.

EXAMPLES

Brief Description of the Means Used and their Effects

The key object of specifically heating the respective types
of areas 1s achieved by the use of short-wave IR radiators
with a radiation filter.

The prior art method consists of the steps of layering,
printing, exposure to radiation and lowering. The first step 1s
analogous to the layering 1n known powder-based 3D print-
ing. Powder 1s placed 1n front of a blade, applied onto a
construction platform and smoothened by the blade. In this
case, the layer thickness determines the positions of the
construction platform in two successive coating operations.

Next, the layer 1s printed. In the method mentioned here,
liquids are applied by an inkjet print head. Part of the liquid
1s an absorber which causes local heating of the powder
upon exposure to radiation.

The layer thus printed 1s then scanned by a radiation
source and thereby selectively heated. When a thermal
source of radiation 1s used without a filter, the entire powder
1s heated strongly. However, the temperature increases par-
ticularly 1n activated areas such that the particles begin to
sinter. Using radiators with filters, this process can be better
controlled and the respective types of areas can be acted
upon specifically.

After this step, the construction field 1s lowered by one
layer thickness. All of the above-mentioned steps are then
repeated until the desired part 1s obtained.
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The construction field or the unprinted areas are main-
tained at a temperature near the sintering temperature. On

the one hand, the additional energy for sintering the powder
1s then low and can be introduced by gently acting means.
On the other hand, the temperature surrounding the part 1s so
high that the temperature does not drop below the recrys-
tallization temperature, even in the peripheral areas of the
part, as the construction process progresses and, conse-
quently, does not disrupt layering.

In addition to the source of radiation scanming the con-
struction field, an additional, stationary source of radiation
may be optionally present above the construction field. The
additional source of radiation acts whenever the construction
field 1s not covered by a unit, such as the coater or the print
head. This overhead radiator, as 1t 1s called, 1s preferably
controlled so as to set a constant temperature on the con-
struction field. For example, a pyrometer sensor may be used
to determine the actual temperature. In such an arrangement,
the overhead radiator constitutes the central temperature
control component.

The overhead radiator performs the function of control-
ling the process temperature. However, such control may
also be achieved by the sintering radiator. In this case,
radiators adapted for heating unprinted areas must be used
and their power controlled according to the requirements of
the process. Also, the printed areas necessary for sintering
and low-shrinkage construction must be heated by radiation.

Without control via the overhead radiator, the processes of
printing and coating can be performed sequentially virtually
without any delay.

This method also allows static radiation panels to be
implemented, which combine the functions of the overhead
radiator and the sintering radiator. If a geometric movement
of the radiation intensity makes sense geometrically, said
radiators may be assembled from switchable sections. For
example, radiators can be deactivated 1in some sections 1n
order, for example, to protect sensitive components such as
the print head during i1ts movement.

The shielding from long-wave infrared radiation and the
improved cooling provided by the now cost-eflicient con-
struction of closed umits lead to lower temperatures 1n the
device. This 1s advantageous for protecting sensitive coms-
ponents.

Further Exemplary Embodiments of the Invention

General, Detailed Description of the Device

The device required 1n order to carry out the invention 1s
closely modeled on a 3D printer for powder-based printing.
In addition, further process units are used for temperature
control and imprinting of the process liquids.

At the beginning of the process, the entire device 1s heated
up. For this purpose, all heating elements are used to
increase the temperature. The heating phase 1s complete as
soon as the temperature remains constant 1n all measurement
locations of the system.

The individual heating systems of a preferred embodi-
ment of the invention will be described below 1n accordance
with FIG. 1:

The construction platform (102), on which the particulate
material 1s deposited 1n the process and by which the layer
thickness of the layers (107) 1s adjusted, can be heated by
various systems. A preferred embodiment uses an electric
resistance heater (104). Also preferably, the latter 1s pro-
vided as a planar heating film, based on considerations of a
homogeneous heating effect. The effect of this heating 1s
registered and controlled by a sensor. The sensor 1s con-
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nected directly with the construction platform. Conve-
niently, the construction platform itself 1s made of metal,
preferably aluminum. An msulation (106) covers the con-
struction platform (102) downwardly.

The construction platform may also be heated by a fluid.
For this purpose, heating coils (104) are installed below the
preferably metallic construction platform. Further below, an
insulation (106) 1s disposed 1n order to homogenize the
heating effect.

A heat transfer o1l, for example, flows through the heating
coils. Preselecting the o1l temperature allows exact tempera-
ture adjustment. Very high-quality temperature control can
be achieved by ensuring a suthiciently high flow rate and
adjusting the power.

The construction platform (102) 1s moved 1n the construc-
tion container (110) as 1t 1s called. Depending on the design
of the device, the contaimner may be removable from the
device. In this manner, great temporal machine efliciency
can be achieved, as a second construction container can be
used 1n the device while unpacking the parts.

The construction container (110) 1s also heated. The same
techniques can be used for the construction platform. The
container itself 1s preferably made of metal again, preferably
of aluminum to ensure good heat conduction. The actual
active heating (104) 1s in turn backed by an insulation (105).
This allows the eflect to be enhanced, while 1ncreasing
homogeneity.

A plug-in system 1s preferably arranged between the
device and the construction container for power connection.
This may include an electrical connection or a connector for
liquads.

The next essential heating system of a device according to
the mvention 1s the overhead radiator (108). According to
the mvention, the overhead radiator (108) 1s preferably
disposed above the construction field and irradiates the
construction field perpendicularly. Also preferred are later-
ally mounted radiators which wrradiate the construction field
at a certain angle. Such a construction 1s preferred 1n order
to minimize the shading effect of the coater or the print head.

According to the mvention, the overhead radiator (108)
may be equipped with thermal radiators, which should have
minimum selectivity. For example, ceramic radiators with an
extremely large wavelength may be used. The use of so-
called medium wave quartz-tungsten radiators 1s also con-
ceivable. The specific heating of the diflerent types of areas
1s then eflected by the sintering radiator (109).

It 1s favorable for the method to operate the overhead
radiator (108) 1n a controlled manner. For this purpose, the
use of a pyrometer (112) as the sensor may be preferred. The
pyrometer 1s directed towards a peripheral area of the
construction field, which the control system ensures 1s not a
region printed with absorber.

In a preferred embodiment of the invention, the actual
sintering 1s carried out by a sintering radiator (109) carried
along with the coater. Said radiator heats the construction
field as 1t passes over the latter. The radiator may be used to
heat the freshly printed powder or an already covered
powder layer. According to the mvention and as shown in
FIG. 2a, a short-wave radiation source (201) with an
upstream filter (202) 1s used here, which, as an option
according to the invention, can also have several filters. A
nested design of several filters (202) spaced apart (205) 1s
preferred to ensure cooling of the filters as shown in FIG. 25.

In a preferred embodiment of the device, the powder 1s
preheated before application onto the already existing pow-
der surface so as to prevent excessive cooling of the layer.
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An electric resistance heater (111) 1n the coater (101) 1s also
suitable to preheat the powder.

In principle, all units heated by contact heaters can also be
heated indirectly by infrared radiation. It may be particularly
advantageous to heat the coater with radiation 11 strong
vibrations are required 1n the device due to the powder used.

Preferably, the following sequence of process steps 1s
carried out by the device after the heating phase: A powder
layer 1s formed by the coater (101) on the construction
plattorm (FIG. 3a). Optionally, depending on the design of
the machine, the new layer can be additionally heated by the
sintering radiator (109). Next, this layer 1s printed on by one
(100) or several mkjet print heads (100) (FIG. 3b). Now, the
printed layer 1s heated by the sintering lamp (109) and then
covered with powder again (FIG. 3¢). Then, the construction
platform (102) 1s lowered (FI1G. 3d).

This operation 1s repeated until completion of the parts
(103) 1n the construction container (110). Then the cooling
phase follows. This phase preferably takes place in the
construction container which 1s then supplied with energy
outside the device.

FIG. 4 shows temperature diagrams. FIG. 4a schemati-
cally depicts the profile of the energy emitted by the powder
when 1t 1s heated and cooled again in one cycle. During
heating, significant absorption of energy occurs at a certain
temperature. This 1s where melting or sintering of the
material occurs (sintering temperature). For polyamide 12,
which 1s suitable for laser sintering, this temperature i1s
approx. 185° C. During cooling, there 1s also a significant
point considerably below the sintering temperature (recrys-
tallization temperature). This 1s where the molten maternal
solidifies.

FIGS. 45 and 4¢ show the temperature profile during a
process run according to a prior art method. FIG. 4b shows
the temperature profile 1n the unprinted area. Using the
sintering radiation source produces heating and cooling
phases 1n the otherwise constant profile. In the unprinted
area, the temperature never reaches the sintering tempera-
ture.

FIG. 4¢ shows the profile in the printed area. Here, the
variations are more marked. The process 1s controlled at
least such that the sintering temperature 1s brietly exceeded,
so that part of the powder 1s melted and remains molten.
Excessive heating may cause all of the powder to melt in this
area, resulting 1n massive warping. Excessive cooling of the
printed areca must also be avoided, because otherwise recrys-
tallization will start, and then all shrinkages due to the now
possible power transmission will lead to geometric distor-
tion (warping or curling), which may make the further
process 1mpossible.

Staying precisely within this “process window™ between
the melting temperature and the recrystallization tempera-
ture 1s decisive for the quality of the parts. In this context,
different boundary conditions apply to the printed and
unprinted areas. The use of filtered short-wave IR radiation
sources facilitates temperature control between both tem-
peratures considerably.

In particular, the exemplary embodiments describe how to
use the advantages ol these sources of radiation in the

described process.

Further Exemplary Embodiments

Example 1: Device Comprising a Sintering Lamp
which Includes Short-Wave IR Radiators with a
Radiation Filter, and a Thermal Overhead Lamp

According to FIG. 3a), the construction process or pro-
cess cycle begins with the coating of one powder layer with
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a layer thickness of 100 um, for example, onto the construc-
tion plattorm. The powder 1s heated by the overhead radiator

(108) already during the coating process performed by the
coater (101), unless optically masked by the coater (101) or
the print head (100). When using PA12, 1n this case PA2200
from manufacturer EOS, the powder 1s heated to 168° C.
The sintering radiator (109), which only provides radiation
resulting 1n good heating of the printed area, 1s not activated
in this step.

The overhead radiator (108) includes a measuring device
designed to control the surface temperature of the construc-
tion field. Ideally, the measuring device 1s embodied as a
miniature pyrometer (112) which can determine the tem-
perature 1 a contactless manner. The control has to make
allowance for the fact that the measuring device 1s masked
time and again by the print head (100) and the coater (101).
This may be done by deactivating the measurement function
or by using isensitive control loop parameters.

In a second step, the absorber, for example carbon black,
1s applied by the print head (100) which 1s adjusted precisely
to the wavelength of the source of radiation. The image
applied by the print head (100) onto the particulate material
corresponds to the cross-section of the current molded
article.

The third step 1s the sintering pass. For this purpose, the
source of radiation of the sintering radiator unit (109) 1s
activated and passed over the construction field. The power
of the source of radiation and its speed determine the
radiation power on the construction field. In contrast to the
prior art, the sintering radiator (109) with a radiation filter,
¢.g. made of borosilicate glass of a thickness of 2 mm from
manufacturer GVB GmbH, does not heat unprinted areas
during this pass. Thus, the temperature of the printed areas
increases while unprinted areas are not aflected. The long-
wave part of the radiation emitted by the radiation source,
which approaches the wavelength distribution of a black
body and has a peak wavelength of 1.2 um, 1s absorbed by
the radiation filter from a wavelength of 3 um.

The fourth step 1s the lowering of the construction plat-
form (102) by the thickness of one powder layer (107).
During this process, the construction field 1s open to the
overhead radiator (108), allowing temperature readjustment.
After this, the process cycle starts over with the coating
Process.

FIG. 1 describes a device for implementing the process
mentioned 1n the example. The overhead radiator (108) 1s
embodied as a long- to medium-wave thermal source of
radiation. The temperature of the construction container
bottom and the construction platform 1s controlled by resis-
tance heaters (104). In the device serving as an example the
coater (101) and the sintering radiator unit (109) are con-
nected. This unmit and the print head (100) can be moved
separately over the construction field, but they don’t have to.

The sintered radiator (109) 1s equipped with a short-wave
radiator (201) and an upstream filter (202) as shown 1n FIG.
2a. The long-wave components (203) generated by the
short-wave emitter are absorbed by the filter, so that only
short-wave components can reach the powder surface (204).

Example 2: Device of a Sintering Lamp, Provided
with a Cooling Function

FIG. 2b and FIG. 2¢ show an embodiment of the sintering,
lamp with integrated cooling. The radiation filters are sche-
matically shown in duplicate (202a, 2025) by way of
example. Both elements are not in contact, but are arranged
with a certain distance (205) between them. In this design,
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most of the long-wave infrared radiation generated 1s
absorbed by the filter (202a) which 1s closest to the short-
wave radiator (201). The latter 1s heated by the long-wave

infrared radiation, but allows the short-wave radiation to
pass through. Thus, the second filter (20256), which faces the
particle surface according to FIG. 1, 1s not heated by this
long-wave thermal radiation. The second filter also leaves
the short-wave radiation unaflected, so that 1t can be used to
heat the area of the particle material wetted by the print head
(100) to a temperature above its melting temperature. The
now much lower temperatures of the second filter prevent
particle material whirled up by the coating process (FIG. 3a)
from melting and sticking to the filter’s surface, which
would block the radiation tlow.

The first filter (202a) can be cooled convectively (FIG.
2b) by means of openings 1n the housing of the unit (206) or
by means of a cooling unit (FIG. 2¢). A design with a cooling
unit 1s suitable for larger designs of the sintering lamp. In
this case, (207) denotes a cooling element through which a
cooling fluid, preferably water, tlows. A fan (208) arranged
on the cooling element provides convection in the unit. In
this embodiment, the first filter (202a) terminates in the
housing wall of the unit.

Example 3: Device of a Sintering Lamp, Provided
with a Cooling Function and a Diffuser

As mdicated 1n FIG. 2d, a design of the filter (2025)

described 1n Example 2 as a diffuser (202¢) makes sense 1n
order to uniformly 1rradiate the entire surface of the par-
ticulate material on the construction platform when the
sintering lamp passes over 1t (204b). This ensures that a
sufliciently high strength of the molded article to be pro-
duced can also be achieved in the edge regions of the
construction platform. In this example, cryolite glass, white
opal glass from manufacturer Edmund Optics, 1s suitable as
a diffuser.

Example 4: Device of a Sintering Lamp, Provided
with Two Short-Wave Radiators, with and without

Radiation Filter, Respectively

According to FIG. 5, the construction process or process
cycle begins with the coating of one powder layer onto the
construction platform (102). The sintering radiator without
filter (501) of the unit (109), which also provides radiation
resulting 1n good heating of the unprinted area, 1s activated
in this step and heats the powder to a basic temperature
below the melting temperature but above the recrystalliza-
tion temperature of the powder. The energy supply for this
1s controlled by the power and the traversing speed. Favour-
ably, the temperature generated 1s measured and adjusted.

In a second step, the absorber 1s applied which 1s adjusted
precisely to the wavelengths of the source of radiation (502)
for the printed areas which are allowed to pass through the
filter. The 1mage applied by the print head (100) onto the
powder corresponds to the current molded article’s cross-
section.

The third step 1s the sintering pass. For this purpose, the
sintering unit (109) 1s activated and passed over the con-
struction field. The power of the source of radiation and 1ts
speed determine the radiation power on the powder bed. In
contrast to the prior art, the unit having two spectra (501,
502) can specifically influence unprinted and printed areas
during this pass. Thus, the temperature of the printed areas
increases while the energy loss by radiation 1n the unprinted
areas can be compensated for.
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The fourth step 1s the lowering of the construction plat-
form (102) by one layer thickness and i1s kept extremely
short 1n this exemplary process. There 1s no adjustment here
and any delay leads to energy loss by thermal radiation.
Therefore, this step 1s not shown in the drawing.

An overhead radiator can be dispensed with 11 the process
cycle 1s executed sufliciently quickly.

Example 5: Device of an Overhead Lamp,
Provided with Short-Wave Radiators and an

Absorber Surface

According to FIG. 6, the overhead lamp (108) 1s designed
using short-wave radiators with peak wavelengths of around
1.2 um (601), which heat the surface of an absorber (603)
located 1n the beam path (602) between the IR emitter and
the powder surface. The absorber (603) itself emits infrared
radiation (604), but 1n a substantially longer wavelength
spectrum, preferably with peak wavelengths around 4 um.
The absorber 1s designed to be as thin as possible, a few
millimeters thick, in order to keep the heat capacity of the
material small and thus minimize the reaction time of the
long-wave radiation emitted. Alunite, a non-oxide ceramic
made of aluminum nitride from manufacturer Ceramtec, 1s
the preferred material as 1t has a high thermal conductivity

of approx. 200 W/mK and thus allows a fast reaction time
during construction.

LIST OF REFERENCE NUMERALS

100 print head

101 coater

102 construction platiorm

103 parts

107 layers

108 overhead radiator

109 sintering radiator unit

110 construction container

105 1nsulation for construction container

104 resistance heater or heating coil

106 downward 1nsulation of construction platform

111 resistance heater for coater

112 pyrometer

201 short-wave IR radiator

202 filter

202a filter, next to the short-wave infrared radiator

2025 filter, next to the construction surface

202¢ diffuser

203 infrared radiation with long-wave components

204 infrared radiation without long-wave components

204H infrared radiation without long-wave components,
undirected

205 cavity between two radiation filters

206 cooling slots
207 fluid-cooled radiator

208 fan
501 sintering radiator without radiation filter
502 sintering radiator embodied with a radiation filter

601 short-wave infrared radiator
602 broadband intrared radiation

603 absorber

604 long-wave inirared radiation emitted by the absorber

701 typical radiation spectrum of conventional radiators
with secondary peak

702 spectrum of conventional radiators at lower power

703 absorption spectrum of borosilicate glass disk
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704 emitted spectrum of conventional radiators at high

power

705 transmitted spectrum

706 blocked wavelength range

What 1s claimed 1s:

1. A device for producing 3D molded parts using a
powder-based printing process, the device comprising a
spectrum converter arranged between an infrared radiator
and a bed of powder material, and the spectrum converter
comprising an upstream radiation filter and downstream
radiation filter spaced a distance from one another, wherein
the upstream filter 1s selected to absorb long-wave radiation
generated by the infrared radiator so as to become heated
while allowing short-wave infrared radiation to pass there-
through, the downstream filter being selected to allow the
short-wave radiation to pass therethrough, wherein the
upstream radiation filter and the distance reduces heating of
the downstream {filter so as to prevent particle material from
the powder bed from melting and sticking thereto, and the
short-wave radiation passing through the downstream filter
being configured to locally heat regions of the powder to
which an absorber has been applied so as to produce the 3D
molded parts.

2. The device of claim 1, characterized in that the
upstream and downstream filters define selected wavelength
ranges and filter those wavelength ranges.

3. The device of claim 2, characterized 1n that the selected
wavelength ranges correspond to the long-wave radiation.

4. The device of claim 3, wherein the selected wavelength
ranges are 8 Wm-3.5 pm.

5. The device of claim 1, further comprising one or more
ol a construction platform for supporting the powder bed,
side walls for delimiting a boundary of the powder bed, a job
box for delimiting a boundary of the powder bed, a recoater,
a print head for depositing the absorber, and a ceramic sheet.

6. The device of claim 1, further comprising an overhead
radiator.

7. The device of claim 1, further comprising one or more
components selected from the group consisting of a tluid-
cooled radiator for the spectrum converter, a fan for the
spectrum converter, an insulation of a construction container
for the powder bed, an 1nsulation of a construction platiorm
for the powder bed, a resistance heater for heating the
powder bed, a heating coil for heating the powder bed, a
resistance heater of a powder coater, and a pyrometer.

8. The device of claim 1, wherein the spectrum converter
turther comprises one or more cooling features selected
from the group consisting of cooling slots, cooling recesses,
cooling grooves, and cooling bores.

9. The device of claim 1, wherein the upstream filter 1s a
borosilicate disk.

10. The device of claim 1, wherein the upstream and
downstream filters are arranged essentially one above the
other.

11. The device of claim 1, wherein a cavity 1s provided
between the upstream and downstream filters.

12. The device of claim 1, wherein the downstream filter
1s configured as a diffuser.
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13. The device of claim 1, wherein the device includes the
following components: a construction platform for support-
ing the powder bed, side walls or a job box for delimiting a
boundary of the powder bed, a powder recoater, a print head
for printing the absorber, and an overhead radiator.

14. The device of claim 13, wherein the long-wave
radiation wavelength ranges from 8 um-3.5 um and the
short-wave radiation ranges from 3.5 pm-0.5 um, and
wherein the device comprises one or more components
selected from the group consisting of a fluid-cooled radiator
for the spectrum converter, a fan for the spectrum converter,
an mnsulation of a construction container for the powder bed,
an 1nsulation of a construction platform for the powder bed,
a resistance heater for heating the powder bed, a heating coil
for heating the powder bed, a resistance heater of the
recoater, and a pyrometer.

15. The device of claim 1, wherein:

the device comprises a coater for applying a powder layer

to the powder bed;

the device comprises a printhead for selectively applying

the absorber to the powder layer; and

the device comprises a sintering radiator unit imncluding

the spectrum converter that provides radiation to a
surface of the powder layer while moving over the
surface.

16. The device of claim 15,

wherein the spectrum converter includes:

(1) the infrared radiator;

(1) the upstream filter;

(111) the downstream filter; and

(1v) a cavity between the upstream filter and the down-

stream filter:

wherein the infrared radiator emits an initial radiation

spectrum which passes through the upstream {filter for
removing the long-wave radiation and allowing the
short-wave infrared radiation to pass resulting in an
intermediate radiation spectrum, and then through the
downstream filter that allows the short-wave infrared
radiation to pass resulting in a final infrared spectrum;
and

wherein while applying the radiation to the powder layer

surface, a temperature of the downstream filter 1s lower
than a temperature of the upstream filter.

17. The device of claim 16, wherein the infrared radiator
1s a short-wave inifrared generator that generates infrared
radiation comprising long-wave radiation components, and
wherein the upstream and downstream {filters allow radiation
to pass therethrough having a wavelength of 0.5 to 3.5 um.

18. The device of claim 17,

wherein the device includes a sensor that measures a

temperature of a peripheral area of the powder bed 1n
a region not printed with the absorber.

19. The device of claim 15,

wherein the downstream filter 1s configured as a di

that diffuses the radiation.
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